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I. INTRODUCTION
Heterojunction bipolar transistors (HBTs) can possess large common-emitter dc current gain fllV3 when they operate in the forward-active mode. Many numerical studies on /3 of HBTs exist in the literature,475 in which all components of the base current, e.g., the recombination current in the base, recombination current in the space-charge region, and hole injection from the base into the emitter, are included via the charge transport equation or detailed particle simulations such as the Monte Carlo simulation. In regard to modeling /? analytically, however, it is desirable to identify the dominant component of the base current so that a simple model providing physical intuition can be developed. Further, such a model allows HBT device designers to optimize B performance by varying the HBT device makeup prior to the actual device fabrication. Nonetheless, uncertainties often arise to as which current component contributes most of the base current and thus contributes most to the degradation of p in HBTs; a recent work6 assumes that the base current stems mainly from electron-hole recombination current in the emitter-base heterojunction and hole injection from the p-type base into the n-type emitter while another7 believes that the decrease in the current gain is due mostly to recombination current in the quasineutral base region.
In this paper, we calculate all components of the base current density JB in InAlAs/InGaAs and AlGaAs/GaAs HBTs having abrupt junctions for a wide range of bias conditions and various device parameters. The resulting information should be useful to HBT designers to determine the relative importance of JB components and to quickly estimate the base current for predicting /3 in HBTs. The effects of the junction of grading and base grading, which are two popular approaches to enhance the HBT performance, on the base current components will also be discussed.
II. THEORY
Consider an n/p + /n AlGaAs/GaAs or InAlAs/ InGaAs HBT ( Fig. 1 ) under normal bias conditions (emitter-base applied voltage Vn, > 0 and base-collector applied voltage Vnc < 0). In Fig. 1 , Xi and X2 are the edges of the emitter-base space-charge region and X3 and X4 are the edges of the base-collector space-charge region. The base current density JB consists of the following components: (i) recombination current density JRB in the quasineutral base; (ii) recombination current density JsCR in the emitter-base space-charge region, which includes both the recombination current density in the bulk of the space-charge region (JSCRB) and the recombination current density at the heterointerface (JscRr); and (iii) hole current density JRE injected from the base into the emitter. Surface recombination current density Js in the extrinsic base region is neglected in our treatment. According to a two-dimensional analysis by Hiraoka and Yashida,* J, is suppressed and is insignificant in a HBT having a very thin base. Thus the present one-dimensional treatment suffices for some HBTs with a base width less than or equal to about 1000 A (Ref. 8) or for HBTs with an emitter edge-thinning structure proposed by Lin and Lee.' For other HBTs, however, Js is important and needs to be taken into account .  i   I  I  I  I   E  N  ,  P+  !  N  I  I  C  I   Xl  x2  x3  x4   xjE  $2 FIG. 1. Schematic illustration of an n/p' /n heterojunction bipolar transistor structure.
To model JRB, we employ a two-valley recombination model in which electrons in the base are assumed to reside predominately in L and r valleys, as evidenced from the Monte Carlo simulation by Rockett" and from a selfconsistent particle simulation by Katoh and Kurata." Figure 2 shows schematically the electron currents in the base based on this model. In the figure, J, (&) is the electron current density injected from the emitter into the base and7
where nL is the electron density in the L valley and nr is the electron density in the l? valley. Also7
where mL and mr are the effective masses for L-and z Xj~ -xj, (Fig. 1 ) because the base region is doped heavier than the emitter and collector regions in HBTs.
Because of the presence of the conduction-band discontinuity (or spike) at the heterointerface (X = XjE) and the velocity overshoot phenomenon in the thin base region due to high electric field in the base-collector junction, the conventional drift-diffusion model is no longer applicable in describing the free-carrier injection from the emitter to the base in HBTs;~,~ instead, thermionic and tunneling become the dominant charge-transport mechanisms in the emitter-base space-charge region.3P4 Using the thermionictunneling model suggested in,3 we have
where VT is the thermal voltage, { is the electron tunneling coefficient defined in Ref. 3, and AV, is the conductionband discontinuity at XjE (Refs. 12, 13 ):
AVc= IXE -XBL (5) where xE and XB are the electron affinity in the emitter and in the base. A1s0,~ v,,= [ 8kT/(am,)]0.5,
In the above equations, m, z 0.5 ( mL + mr) is the average effective electron mass, NE is the emitter doping concentration, V,, is the base side of the junction barrier height, niE and niB are the emitter and base intrinsic carrier concentrations, and AVi is the intrinsic Fermi potential dis-
AVi= -IXE-XBI + (0*5/q) IEGE -EGSI + 0.5 VT In ( NCENV~NCBNVE 1.
NB is the base doping concentration, eE and eg are the emitter and base dielectric permittivities, EG, and EGB are the energy band gaps in the emitter and in the base, Ncn and NcB are the effective density states in the conduction band of the emitter and the base, NVE and NVB are the effective density states in the valence band of the emitter and the base, and ?'bi is the junction builtin potential:12'13 vbi= IXE -XBI -(0.5/q) IEGE -EGBI
Finally,
B. JRE
Since the emitter of a HBT is usually very thin and lightly doped, the recombination current in the bulk of the 
where Dp is the average hole diffusion coefficient in the emitter, X, can be calculated from the conventional depletion model,14 and, if the quasi-Fermi potentials are assumed flat in the space-charge region,
c. JSCR
In homojunction bipolar transistors, JsCR involves only the recombination current density JsC~B in the bulk of the space-charge region. For HBTs, however, the recombination current density JsCRI at the heterojunction interface states is not negligible due to sizeable interface states resulting from lattice mismatch between the two different materials. '* Thus,
1. &CRB
The free-carrier recombination mechanism in the bulk of the space-charge region can be described by the Shockley-Read-Hall (SRH) model6 The widely used and simplest SRH model is based on the assumption that there is only one type of trap that dominates the recombination process and that the traps are uniformly distributed in the middle of the energy band gap.17 From this, together with the assumption that the space-charge region resides entirely in the emitter side of the junction, we obtain the bulk recombination rate U,:
where o is the capture cross section, NtB is the trapping density in the bulk of the space-charge region. Therefore 
The conventional approach is then to assume n=p occurs in the entire space-charge region. This and Eq. ( 17) 
where Ntl (#/cm') is the trapping density at the heterointerface.
III. ILLUSTRATION AND DISCUSSION
We consider both abrupt Alo,sGae,As/GaAs and Ino,5~A~,~8As/I~,s~G~,~7As HBTs, which are prominent devices for microwave and electro-optics applications. Material parameters such as energy band gap, electron effective mass, and electron affinity for Alo,sGac7As/GaAs and Ino.52Ab,48As/I~,53Ga0.47As HBTs can be found in Refs. 20 and 21 and are given in Tables I and II, of r alters moderately JRB (Figs. 9 and 10) and changing NtB has no effect on JSCR at this particular voltage (Figs. 11 and 12) . However, JSCR is very sensitive to N,I in both devices as shown in Figs. 13 and 14 .
To assess the validity of the present analysis, data available in the literature23'24 are presented here to provide a comparison with the theoretical predications, as shown in Figs. 15 and 16 for an AlGaAs/GaAs HBT and an InAlAs/InGaAs HBT, respectively. The present model predicts fairly accurately the total base current density of the AlGaAs/GaAs HBT, but discrepancies are found between the present model and measurement for the InAlAs/ InGaAs HBT. When the InAlAs/InGaAs HBT is subject to large forward voltages, the model overestimates the base current density by at most a factor of about 10. This may be attributed to high-level injection and the non-negligible voltage drops in the quasineutral regions of the HBT at such a bias condition, neither of which was accounted for in the model. On the other hand, the model underestimates the total base current density of the InAlAs/InGaAs HBT by at most a factor of about 4 as the voltage becomes small. This is perhaps due to the fact that the surface recombination current is neglected by our analysis, which, as discussed in Sec. II, is adequate for a HBT with a base width less than or equal to about 1000 A like the device in Fig. 15 but is questionable for the HBT in Fig. 16 which has a base 0 width of 2000 A. The overall disagreement shown in Fig.  16 may also result from the deviation of the material and process parameters used in our calculations (listed in Table II ). The present model does predict a trend that agrees reasonably well with experimental results for both devices. Thus the model permits a degree of insight into the influence of various device parameters on HBT base current performance and allows an estimate into the relative im- portance of the base current components in AlGaAs/GaAs and InAlAs/InGaAs HBTs.
IV. CONCLUSION
The following conclusions can be made. (iv) JsCR depends very strongly on Nll but very weakly on NrB but very weakly on NtB, suggesting that the total base current, and thus the current gain, is influenced heavily by NfI. This indicates that care should be taken during device fabrication so that lattice mismatch between emitter and base, which causes Ntl, is minimized. On the other hand, one does not need to worry too much about deep-level traps in the bulk emitter-base space-charge region, which yields NtB, introduced predominantly by the diffusion of impurity dopant (e.g., Be) from the p-type base into the n-type emitter.25
(v) Increasing N, which reduces JRE, will reduce the total base current and thus increase the current gain in typical AlGaAs/GaAs HBTs if Van is large, but not otherwise. Also, increasing NE will not benefit the current gain in InAlAs/InGaAs HBTs because JRE is relatively unimportant in such devices. (vi) For a HBT with a graded base, the charge transport in the base is enhanced by the builtin field, which reduces JRB. Also, base grading does not affect JsCR and J RE* Therefore, at a typical operation voltage Van=: 1.3-1.4 V, base grading will not improve significantly the current gain of a typical AlGaAs/GaAs HBT but will improve considerably the current gain of a typical InAlAs/InGaAs HBT. (vii) A numerical study4 and experimental observa-tion26 have found that the elimination of the spike by grading the emitter-base heterojunction leads to an increase in J,(X,), and thus JRB. Also, heterojunction grading increases electron-hole recombination in the emitter-base space-charge region,4 which increases JSCR, but results in a larger emitter-base valence-band discontinuity,27 which reduces JRE. Thus JsCR is still the dominant component of base current density for both AlGaAs/GaAs and InAlAs/ (viii) InAlAs/InGaAs HBTs are sometimes operated at a lower F'nn (about 0.8 V) than the typical HBT operation voltage of 1.4 V due to the much smaller band gap of InGaAs. For this bias condition, JsCR is the dominant component in JR ACKNOWLEDGMENT This work was supported in part by the Defense Advanced Research Project Agency under Contract No. 65 02-719.
